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ABSTRACT 

The c o n d i t i o n s  f o r  g r a p h i t e  g r a i n  fo rma t ion  i n  c o o l  stars 

have been examined on t h e  b a s i s  of r e c e n t l y  a v a i l a b l e  molecular  

e q u i l i b r i u m  d a t a  f o r  s t e l l a r  atmospheres.  The Hoyle-Wickramasinghe 

mechanism fur  condensa t ion  i n  N stars has been re-examined t a k i n g  

i n t o  account  t h e  presence  of H,  0, and N.  Frorn T s u j i ' s  (1964) 

t a b l e s ,  w e  f i n d  t h a t  t h e  p a r t i a l  p r e s s u r e  of f r e e  carbon i n  an N 

star  exceeds  t h e  vapor p r e s s u r e  of bu lk  g r a p h i t e  when t h e  t e m -  

p e r a t u r e  f a l l s  below 2400K dur ing  a p u l s a t i o n  cycle .  Formation 

of g r a p h i t e  g r a i n s  r e q u i r e s  n u c l e a t i o n  fo l lowed by c r y s t a l  growth. 

Using c l a s s i ca l  n u c l e a t i o n  t h e o r y  it is shown t h a t  t h e  s u p e r s a t u -  

r a t i o n  p/psat r e q u i r e d  f o r  g r a p h i t e  condensa t ion  on p r e - e x i s t i n g  

*On l e a v e  of absence from J e s u s  Col lege ,  Cambridge, England 
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i o n s  i n  t h e  s t e l l a r  atmosphere is o n l y  - 2.2.  Such a s u p e r -  

s a t u r a t i o n  is reached  when t h e  t empera tu re  f a l l s  t o  - 2300K i n  

a n  N s ta r .  C r y s t a l  growth proceeds  s u f f i c i e n t l y  f a s t  a t  t h e  - 
f r e e  carbon p r e s s u r e s  a p p r o p r i a t e  f o r  t e m p e r a t u r e s  g r e a t e r  t h a n  

1500K t o  produce g r a i n  s izes  exceed ing  c m .  The a c t u a l  s ize  

t o  which p a r t i c l e s  grow is however r e s t r i c t e d  by t h e  amount o f  

a v a i l a b l e  carbon and t h e  number of e f f e c t i v e  condensa t ion  n u c l e i .  

With a n  i o n  d e n s i t y  - lo3 c m  

would a r i se .  Assuming a c o n s t a n t  l u m i n o s i t y  f u n c t i o n  it  is shown 

t h a t  10 N s t a r s  i n  t h e  Galaxy (a t  any t i m e )  o p e r a t i n g  ove r  a 

timescale of 10 y e a r s  would s u f f i c e  t o  produce t h e  r e q u i r e d  

g r a i n  d e n s i t y  t o  e x p l a i n  t h e  i n t e r s t e l l a r  e x t i n c t i o n .  

_ -  

-3 p a r t i c l e  s i ze s  - 5 x c m  

5 

9 

The p o s s i b i l i t y  t h a t  g r a p h i t e  p a r t i c l e s  may condense i n  t h e  

o u t e r  a tmospheres  of o r d i n a r y  M g i a n t s  is a l s o  d i s c u s s e d .  G r a p h i t e  

condensa t ion  may t a k e  p l a c e  t o  a l i m i t e d  e x t e n t  i n  a r e g i o n  of 

t h e  s te l la r  atmosphere where t h e  t e m p e r a t u r e  f a l l s  t o  about  1600K 

p rov ided  t h e  e f f e c t i v e  C/O r a t i o  is 1.3. Such a h i g h  e f f e c t i v e  

C/O r a t i o  cannot  be r u l e d  o u t  on accoun t  of u n c e r t a i n t i e s  i n  t h e  

r e l e v a n t  e q u i l i b r i u m  c a l c u l a t i o n s .  
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There now appears  t o  be s t r o n g  ev idence  t o  suppor t  t h e  

h y p o t h e s i s  t h a t  g r a p h i t e  p a r t i c l e s  are r e s p o n s i b l e  f o r  i n t e r s t e l l a r  

e x t i n c t i o n  or are a major c o n t r i b u t o r  t o  it. The u l t r a v i o l e t  ex- 
. -  

. -  t i n c t i o n  law r e c e n t l y  r e p o r t e d  by  Boggess and Borgman (1964) and 

by S t e c h e r  (1965) has  shown f e a t u r e s  which appear  i d e n t i f i a b l e  

wi th  p r o p e r t i e s  of g r a p h i t e  e x t i n c t i o n  p r e d i c t e d  on t h e  b a s i s  of 

M i e  computat ions (Wickramasinghe and G u i l l a u m e ,  1965;  S t e c h e r  and 

Donn, 1965; Krishna Swamy and O ' D e l l  1966) .  Over t h e  v i s i b l e  wave- 

l e n g t h  r e g i o n  d e t a i l e d  agreement has  been shown p o s s i b l e  between 

the  mean r e g i o n a l  e x t i n c t i o n  curves  r e c e n t l y  r e p o r t e d  by Nandy 

(1964, 1965) and t h e o r e t i c a l  e x t i n c t i o n  cu rves  f o r  g r a p h i t e  p a r t i -  

cles (Nandy and Wickramasinghe, 1965; Wickramasinghe, 1966) .  I t  

has a l so  been shown by Wickramasinghe, Donn, S t e c h e r  and Wil l iams 

(1966) t h a t  t h e  observed wavelength dependence of i n t e r s t e l l a r  

p o l a r i z a t i o n  may be e x p l a i n e d  w i t h  e i t h e r  pure g r a p h i t e  g r a i n s  or 

g r a p h i t e  co re - i ce  m a n t l e  g r a i n s ,  d e s p i t e  t h e  o b j e c t i o n s  p o i n t e d  

o u t  b y  Greenberg (1966).  F u r t h e r  i n d i r e c t  s u p p o r t  t o  t h e  g r a p h i t e  

g r a i n  t h e o r y  comes from t h e  recent S t r a t o s c o p e  experiment  

(Danielson e t  a l . ,  1965) which f a i l e d  t o  d e t e c t  a s t r o n g  3.111 

a b s o r p t i o n  band t o  be expec ted  on t h e  b a s i s  of ice a b s o r p t i o n .  

On t h e  b a s i s  of t h e  o p t i c a l  o b s e r v a t i o n s ,  p a r t i c u l a r l y  i n  t h e  

u l t r a v i o l e t ,  t h e  ev idence  c l e a r l y  f a v o r s  g r a p h i t e  p a r t i c l e s  a s  

proposed by Hoyle and Wickramasinghe (1962) over  " d i r t y  ice" 

g r a i n s  of t h e  type  cons ide red  by van de H u l s t  (1946, 1948) .  
- 

- 
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I f  t h e  g r a p h i t e  p a r t i c l e s  must ex is t ,  a s  t h e  o p t i c a l  ev idence  
I 

s t r o n g l y  s u g g e s t s ,  s e v e r a l  q u e s t i o n s  r e l a t i n g  t o  t h e i r  f o r m a t i o n  
now demand s e r i o u s  a t t e n t i o n .  C o n t i n u a l  f o r m a t i o n  and growth - 

e v o l u t i o n .  Schwarszchi ld ' s  c a l c u l a t i o n s  (1962) i n d i c a t e  a t u r n -  
o v e r  t i m e  of-10 y e a r s  f o r  t h e  s o l a r  neighborhood. T h i s  r e p r e s e n t s  
the maximum average l i f e t i m e  of  a g r a p h i t e  g r a i n ,  and is 
c o n s i d e r a b l y  less t h a n  t h e  age o f  the Galaxy -10 y e a r s .  G r o w t h  
t o  t h e  r e q u i r e d  dimensions of a s u f f i c i e n t  number of  g r a i n s  t o  
account  fo r  t h e  i n t e r s t e l l a r  e x t i n c t i o n  must t h e r e f o r e  occur  i n  
s i g n i f i c a n t l y  l ess  t h a n  -10 yea r s .  For t h e  more v o l a t i l e  ice  
g r a i n s ,  d e s t r u c t i o n  i n  t h e  v i c i n i t y  o f  hot s t a r s  or i n  c loud  
c o l l i s i o n s  y i e l d s  even shorter  t i m e s .  

I of g r a i n s  is impl i ed  by c u r r e n t  t h e o r i e s  of s t e l l a r  and ga lac t ic  

9 
I 

10 
I 

9 

I 

If n is t h e  average number d e n s i t y  of  g r a i n s  w i t h  r a d i u s  
a, and e f f i c i e n c y  f a c t o r  f o r  e x t i n c t i o n  Qext, t h e  e x t i n c t i o n  i n  
magnitudes produced ove r  a p a t h  l e n g t h  1 is 

g 

A 

To produce an e x t i n c t i o n  of  1 mag p e r  kpc a.n average  of nn 2 
€5 -11 3 x 10 g r a i n s  p e r  cm3 are r e q u i r e d  w i t h  a d i ame te r  (or l e n g t h )  

of 6 x c m .  T h i s  e f f e c t i v e  s ize  is a consequence of  f i t t i n g  

I t h e  observed i n t e r s t e l l a r  reddening  l a w  u s i n g  a n  Oort-van de 
H u l s t  d i s t r i b u t i o n .  The mean r a d i u s  is about  ha l f  a s  l a r g e  f o r  
a Gaussian d i s t r i b u t i o n  (Grevesse-Guillaume, 1966). For s p h e r i c a l  
p a r t i c l e s  the  r e s u l t i n g  mass d e n s i t y  of g r a i n s  is 6 x 10 
u s i n g  a g r a p h i t e  d e n s i t y  of  2.2 gm c m  . 
(Donn, 1965) i t  was p o i n t e d  o u t  t h a t  g r a p h i t e  format ic r ,  i n  t h e  

form of p l a t e l e t s  or n e e d l e s  appeared  probable .  Such s t r u c t u r e s  
would r e s u l t  i n  somewhat lower d e n s i t i e s .  

gm cm-3 9 
-27 

-3 

I n  a prel imina,ry account  of  i n t e r s t e l l a r  c r y s t a l  growth 

- 
I The mean a,tomic hydrogen d e n s i t y  n e a r  the s u n  o b t a i n e d  from 

gm ~ m - ~ .  The p resence  of molecular  24 radio o b s e r v a t i o n s  is -10- 
- 
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. hydrogen w i t h  nH2/nH 2 would r a i s e  t h e  i n t e r s t e l l a r  d e n s i t y  t o  

- -  w i t h  the mean i n t e r s t e l l a r  d e n s i t y  o b t a i n e d  by Oort (1960, 1965) 

-3 gm c m  . T h i s  e s t i m a t e  is a l s o  i n  agreement -24 about  5 x 10 

on t h e  b a s i s  of measured a c c e l e r a t i o n s  of s t a r s  normal t o  t h e  
. - g a l a c t i c  p lane .  

Adopting a carbon t o  hydrogen r a t i o  of 5 x , t h e  t o t a l  
carbon d e n s i t y  i n  t h e  i n t e r s t e l l a r  m e d i u m  is about -10- 
We would t h u s  r e q u i r e  about 1/2 t h e  i n t e r s t e l l a r  carbon atoms t o  
be condensed f o r  s p h e r i c a l  p a r t i c l e s ,  and somewhat less f o r  
p l a t e l e t s  or need les .  

and Wickramasinghe (1962) who sugges ted  t h a t  s u i t a b l e  carbon 
p a r t i c l e s  may condense i n  t h e  carbon r i c h  N s t a r s .  T h e i r  
c a l c u l a t i o n s  were, however, for condensa t ion  from a pure carbon 
vapor ,  n e g l e c t i n g  t h e  carbon-hydrogen molecular  e q u i l i b r i u m  i n  

3 a system w i t h  a C/H r a t i o  of -10- . 
Duff and Bauer (1962) us ing  t h e o r e t i c a l  e s t i m a t e s  of f r e e  e n e r g i e s  
f o r  a l a r g e  v a r i e t y  of hydro-carbons when e x t r a p o l a t e d  t o  a 
C/H r a t i o  of 2 x lom3 p r e d i c t s  a condensa t ion  tempera ture  of 
-2100K. Subsequent c a l c u l a t i o n s  by T s u j i  (1964) f o r  s t e l l a r  
a tmospheres  i n d i c a t e s  t h a t  carbon becomes s a t u r a t e d  a t  t empera tu res  
below 2200-2400K when t h e  t o t a l  c a r b o n ' i s  g r e a t l y  i n  excess  of 
oxygen. These v a l u e s  a r e  somewhat lower t h a n  t h e  condensa t ion  
tempera ture  -2700K d e r i v e d  by Hoyle and Wickramasinghe (1962) 
on t h e  b a s i s  of condensa t ion  i n  a pure vapor.  The lower 
t empera tu re  a r i s e s  e s s e n t i a l l y  due t o  t h e  importance of hydrocarbon 
molecule fo rma t ion  which competes r a t h e r  s e r i o u s l y  f o r  the carbon.  
I n  t h e  p r e s e n t  paper  w e  re-consider  t h e  Hoyle-Wickramasinghe 
mechanism of carbon condensa t ion  i n  N s t a r s  w i t h  the  conc lus ion  
t h a t  i t  appea r s  t o  be an important  source of i n t e r s t e l l a r  g r a i n s .  
We s h a l l  a l s o  d i s c u s s  the p o s s i b i l i t y  t h a t  g r a p h i t e  p a r t i c l e s  
may be a b l e  t o  cpndense i n  t h e  o u t e r  atmospheres of o r d i n a r y  M 
g i a n t s  w i t h  an e f f e c t i v e  C/O 

gm cm-3. 26 

A s t e l l a r  sou rce  of g r a p h i t e  g r a i n s  was proposed by Hoyle 

Equ i l ib r ium c a l c u l a t i o n s  of 

. -  

LI r a t i o  o n l y  s l i g h t l y  exceeding  u n i t y . '  

- 5 -  



11. CONDITIONS FOR CARBON SATURATION I N  COOL STARS 

We cons ide r  he re  t h e  g e n e r a l  problem of t h e  s a t u r a t i o n  of 
f r e e  carbon i n  s t e l l a r  a,tmospheres us ing  t h e  molecular  e q u i l i b r i u m  
da,ta, f o r  s t e l l a r  atmospheres r e c e n t l y  pub l i shed  by T s u j i  (1964).  
A n e c e s s a r y ,  though not  s u f f i c i e n t  c o n d i t i o n  f o r  g r a p h i t e  
condensa t ion  is t h a t  t h e  p a r t i a l  p r e s s u r e  of f r e e  (uncombined) 
carbon va,por exceeds t h e  vapor  p r e s s u r e  of bu lk  g r a p h i t e .  T h i s  

- 

- 

l a t t e r  q u a n t i t y  a s  given by T s u j i  is t a b u l a . t e d  i n  

Table  1 
Vapor p r e s s u r e  of bu lk  g r a p h i t e  

T(deg K) Psat(dyne c m  -2) T 
2291 1008 1 .5  x 10 

1120 7.4 x 2 520 
1260 3.6 x 2800 
1440 1.7 x 3150 
1680 8 .7  3600 
1800 2.7 4200 
1938 8 . 5  x lom6 5040 

23- 

2100 8.1 

t h e  t a .b l e  below. 

-3- P s  a. t 
7 .8  x 10 
2.3 x 10-1 
7.08 
2 .1  x lo2 

3 

5 

6 

6.2 x 10 
1.8 x 10 
5.4 x 10 

~ 

These va lues  a r e  i n  g e n e r a l  accord  w i t h  r e c e n t  c a l c u l a t i o n s  and 
experiments  (JANAF, 1961) .  

e q u i l i b r i u m  i n  s t e l l a r  atmospheres between 1000 and 8400K f o r  
a v a r i e t y  of H,  C ,  N and 0 abundances. From T s u j i ' s  t a b l e s  w e  
can o b t a i n  f o r  a given composi t ion t h e  p a r t i a l  p r e s s u r e  of f r e e  

a t  any tempera ture .  By p l o t t i n g  t h e  carbon p = p 

f r e e  carbon p r e s s u r e  a g a i n s t  t h e  C/O r a t i o  a t  a f i x e d  t empera tu re ,  
H : C : N  r a t i o  and a given t o t a l  gas  p r e s s u r e  t h e  c r i t i c a l  C/O r a t i o  

T s u j i  (1964) has  i n v e s t i g a t e d  i n  d e t a i l  t h e  molecular  

c + pc2 + pc3 

a t  which the  carbon becomes s a t u r a t e d  may be ob ta ined .  Representa-  A .  

t i v e  curves  of f r e e  carbon p r e s s u r e  a g a i n s t  C/O f o r  a t o t a l  gas  
p r e s s u r e  p - 10 dyne cm-2 and H:C:N 1:5.10-4:10-4 a r e  shown - 4 

g =  
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i n  F i g u r e  1. Although t h e s e  curves  have been c o n s t r u c t e d  f o r  t h e  
4 -2 

' case p Z 10 dyne c m  , t h e  r e s u l t s  a r e  n o t  s e n s i t i v e  t o  t h e  
p r e c i s e  v a l u e  of p ( s e e  Table  2 and Fig .  3 )  f o r  tempera, tures  
close t o  2000K. The reason  f o r  t h i s  f e a t u r e  has  been d i s c u s s e d  
by T s u j i  (1964) i n  t e r m s  of t h e  r e l e v a n t  chemical  e q u i l i b r i a .  

g 
- g 

. -  
a t  which t h e  p r e s s u r e  of f r e e  carbon s a t  The tempera ture  T 

e q u a l s  t h e  vapor  p r e s s u r e  of g r a p h i t e  is o b t a i n e d  from t h e  cu rves  
i n  F ig .  1 t o g e t h e r  w i t h  Table  1 a s  a f u n c t i o n  of t h e  C/O r a t i o .  
The r e s u l t i n g  curve  of Tsat a g a i n s t  C/O is p l o t t e d  i n  F igu re  2.  
The c u r v e s  of F ig .  2 ,  however, cannot be drawn t o o  a , ccu ra t e ly  
from T s u j i ' s  d a t a  i n  t h e  i n t e r v a l  1 < C/O < 2 a s  t h e r e  a r e  no 
i n t e r m e d i a t e  p o i n t s  and t h e  s l o p e s  change by a l a r g e  amount. 
T h i s  i n t r o d u c e s  an u n c e r t a i n t y  i n  t h e  s a t u r a , t i o n  tempera ture  
p l o t t e d  i n  F ig .  2 

From Fig.  2 i t  is s e e n  t h a t  for a C/O r a t i o  -1.1 t h e  s a t u r a t i o n  
t empera tu re  is  1 0 0 0 K ;  f o r  C / O Z  2 i t  rises t o  2000K, r e a c h i n g  2400 
a t  C/O r 5. These r e s u l t s  a r e  g e n e r a l l y  c o n s i s t e n t  w i th  t h e  
s a t u r a t i o n  t empera tu re  of 2100K ex t r a ,po la t ed  from t h e  a n a l y s i s  of 
Duff and Bauer (1962) f o r  a pure C-H system. T h i s  a,greement 
conf i rms  t h e  g e n e r a l  v a l i d i t y  of  t h e  c a l c u l a , t i o n s .  Although t h e  
procedure  adopted by T s u j i  t o  o b t a i n  t h e  s a , t u r a t i o n  t empera tu re  
d i f f e r e d  from t h a t  of Duff and Bauer,  T s u j i  used t h e  hydrocarbon 
f r e e  e n e r g i e s  e s t i m a t e d  by t h e  former a u t h o r s ,  s o  t h a t  a s y s t e m a t i c  
error  cannot  be excluded.  

111. SATURATION OF FREE CARBON I N  N STARS 
A h i g h  C/O r a t i o ,  probably exceeding 2 ,  and pho tosphe r i c  

t empera tu res  below 2200K a r e  l i k e l y  t o  be r e a l i z e d  f o r  t h e  N 

s t a r s  i n  t h e  carbon sequence (Keenan, 1960).  These c o n d i t i o n s  
appear  m o s t  f a v o r a b l e  f o r  t h e  s a t u r a t i o n  of carbon vapor  and 
fo rma t ion  of g r a p h i t e  p a r t i c l e s  a s  s e e n  i n  t h e  p rev ious  s e c t i o n .  
The R s t a r s  have t empera tu res  upwards of 3500K a.nd a r e  t h e r e f o r e  

not  a s  e f f e c t i v e  i n  g r a i n  formation.  
, -  

-- 
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For a t y p i c a l  N s t a r  w e  c o n s i d e r  one w h o s e  e f f e c t i v e  

tempera ture  v a r i e s  i n  t h e  g e n e r a l  range 1800-2500K d u r i n g  a 
p u l s a t i o n  cyc le .  We a l s o  assume an a tmospher ic  composi t ion s i m i l a r  

t o  c a s e  VI11 of T s u j i ' s  a n a l y s i s ,  v i z ,  H:C:N = 1: 5.10 
corresponding to a C/O r a t i o  of 5. 
f o r  t h i s  case  a r e  however expec ted  t o  ho ld  good f o r  C/O 2 - 1.8. 
We s h a l l  r e t u r n  t o  t h i s  p o i n t  i n  S e c t i o n  IX. The p r e s s u r e  of 
f r e e  carbon for t h i s  composi t ion is given  i n  Tab le  I1 and F igure  3 
a s  a f u n c t i o n  of t h e  tempera ture  w i t h  (1)  a t o t a l  gas  p r e s s u r e  

dyne cm-2. 
The vapor  p re s su re  of bu lk  g r a p h i t e  is p l o t t e d  a s  t h e  dashed 
cu rve  i n  F ig .  3 .  For the c a s e  p 10 dyne c m  i t  is seen  
t h a t  t h e  carbon vapor  becomes a t u r a t e d  a t  T 2 2400K and f o r  t h e  
c a s e  p 2 1 dyne c m  t h e  s a t u r a t i o n  t empera tu re  is 2100K. 

-3 
f .:10-~;10-~ 

Our r e s u l t s  based  on c a l c u l a t i o n s  

4 1 dyne cm-2, (2) a t o t a l  gas  p r e s s u r e  p = 10 
pg g -  

4 -2 
g 

-2 
g 
As t h e  tempera ture  f a l l s  below t h e  s a t u r a t i o n  v a l u e  d u r i n g  

a p u l s a t i o n  cyc le  two p o s s i b i l i t i e s  a r e  open. E i t h e r  g r a p h i t e  
p a r t i c l e s  may condense,  lowering t h e  carbon p r e s s u r e  t o  t h e  vapor  
p r e s s u r e  of g r a p h i t e ,  or the  carbon p r e s s u r e  t o  t h e  vapor 
p r e s s u r e  of  g r a p h i t e ,  or t h e  carbon vapor  would become i n c r e a s i n g l y  
s u p e r s a t u r a t e d  w i t h  respect t o  t h e  bulk  phase. For r easons  t o  
be d i s c u s s e d  i n  s e c t i o n  IV w e  c o n s i d e r  t h e  former a l t e r n a t i v e  t o  
be more l i k e l y .  

The condensa t ion  of g r a p h i t e  p a r t i c l e s  even i n  s m a l l  q u a n t i t i e s  
has  t h e  e f f e c t  of r a i s i n g  the s u r f a c e  o p a c i t y  of t h e  s t a r  s e v e r a l  
o r d e r s  of magnitude above t h a t  determined by H-. The r e s u l t  is 
a t h i n n i n g  o u t  of t h e  s t e l l a r  atmosphere a s  p o i n t e d  o u t  by Hoyle 
and Wickramasinghe (1962). 

A t  a c e r t a i n  phase of t h e  condensa t i cn  process suppose a 
f r a c t i o n  x of t h e  t o t a l  carbon is condensed i n t o  p l a t e l e t s  of 
r a d i u s  a and t h i c k n e s s  w. The mass a b s o r p t i o n  c o e f f i c i e n t  k f o r  
such  g r a i n s  is given  by 
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is t h e  e f f i c i e n c y  f a c t o r  Qext , where s is t h e  d e n s i t y  of g r a p h i t e ,  
f o r  e x t i n c t i o n  and t h e  f a c t o r  1/2 a l lows  for random o r i e n t a t i o n  
of t h e  p l a t e l e t s .  
2 0.2 a t  1 = 8400A. For s m a l l e r  p a r t i c l e s  t h e  v a r i a t i o n  i n  Q ext  
=0.2a/3.10-6 = 7 x 10 a .  (Guillaume and Wickramasinghe, 1966).  
With a p l a , t e l e t  t h i c k n e s s  5 x c m  and a g r a p h i t e  d e n s i t y  
s = 2.2 gm c m  t h e  mass abso rp t ion  c o e f f i c i e n t  g iven  by (2)  is 

Qex t  . For a p a r t i c l e  of ra ,d ius  a 2 3.10-6 

4 - 

-3 

The mean a b s o r p t i o n  c o e f f i c i e n t  per  cm3 of t h e  s t e l l a r  atmosphere 
is t h e r e f o r e  

where x is t h e  f r a c t i o n  of carbon condensed. 
M u l t i p l y i n g  by t h e  s c a l e  h e i g h t  - KT/2mHg, where g is t h e  s u r f a c e  

g r a v i t y ,  t h e  pho tosphe r i c  c o n d i t i o n  ( o p t i c a l  dep th  2 u n i t y )  is 

_ -  

-2 For a g i a n t  s t a r  w i t h  g = 1 cm sec  we have 

With a p e r c e n t  (x of t h e  t o t a l  carbon condensed i n t o  
p a r t i c l e s  of r a d i u s  a Z cm the  t o t a l  gas  p r e s s u r e  g iven  by 

-2 e q u a t i o n  ( 6 )  is p 1 dyne c m  . The growth p rocess  of g r a i n s  
from i n i t i a l  n u c l e i  would t h e r e f o r e  be expec ted  t o  t a k e  p l a c e  
under c o n d i t i o n s  where t h e  t o t a l  gas p r e s s u r e  has  f a l l e n  from 
an i n i t i a l  lo2 - 10 
f u r t h e r  d e c r e a s e s  a s  g r a i n s  grow t o  l a r g e r  s i z e s  d e p l e t i n g  more 
of t h e  a v a i l a b l e  carbon.  With x = 1, a Z 10 c m ,  - 
c m  . As po in ted  o u t  by Hoyle and Wickramasinghe (1962) ,  i t  is 

g 

3 -2 dyne cm-2 t o  - 1 dyne c m  . The gas  p r e s s u r e  

= dyne -6 
pg -2 
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t h i s  l o w  d e n s i t y  t h a t  pe rmi t s  t h e  e scape  o f  g r a i n s .  

I V .  NUCLEATION OF GRAINS I N  N STARS 
The t o t a l  ca,rbon d e n s i t y  i n  t h e  photosphere  b e f o r e  n u c l e i  - .  

-3 b e g i n s  t o  form is  -10'' c m  
g r a i n  of r a d i u s  - 3.10-6 c m  is -10 . 
o f  a l l  t h e  carbon (or an  a p p r e c i a b l e  f r a c t i o n  of i t )  i n t o  g r a i n s  
o f  t h i s  s i z e  o v e r  a p u l s a t i o n  p e r i o d  would r e q u i r e  a p roduc t ion  
o f  -10 

r a t e  of cm-3 sec . 

. The number of  carbon atoms i n  t h e  
7 An e f f e c t i v e  condensa t ion  

5 7 
s t a b l e  n u c l e i  p e r  cm3 i n  10 seconds ,  or a n u c l e a t i o n  

-1 

A s t e l l a r  atmosphere is s u f f i c i e n t l y  n e a r  thermodynamic 
e q u i l i b r i u m  t h a t  c l a s s i c a l  n u c l e a t i o n  t h e o r y  may be a p p l i e d  
(Turnbu l l ,  1956; H i r t h  and Pound, 1963). T h i s  t h e o r y  e n v i s a g e s  
t h e  presence i n  t h e  vapor  phase of m u l t i a t o m i c  carbon p a r t i c l e s ,  
hav ing  a p o s i t i v e  f r e e  energy  of f o r m a t i o n ,  b u t  e x i s t i n g  i n  
f i n i t e  c o n c e n t r a t i o n s  beca,use of  t h e  e n t r o p y  of mixing a s s o c i a t e d  
w i t h  t h e i r  p resence  i n  t h e  vapor .  The s i z e  d i s t r i b u t i o n  of t h e s e  
p a r t i c l e s  is g iven  by 

where ni is t h e  number d e n s i t y  of c l u s t e r s  c o n t a i n i n g  i atoms, 
nl is t h e  number d e n s i t y  of  t h e  monomer s p e c i e s  around which 
p a r t i c l e s  may form, and AGi is t h e  G i b b s  f r e e  energy  of fo rma t ion  
of t h e  cluster. I n i t i a l l y ,  AGi  i n c r e a s e s  as  atoms a r e  added, 
b u t  a t  a c r i t i c a l  s ize  t h e  f r e e  energy  b e g i n s  t o  decrease, making 
t h e  aggrega te  more s t a b l e  w i t h  f u r t h e r  a d d i t i o n  of  atoms. I t  
is envisaged  t h a t  p a r t i c l e s  b u i l d  up by a ser ies  o f  b imolecu la r  
r e a c t i o n s  where each  r e a c t i o n  i n c r e a s e s  t h e  p a r t i c l e  s i z e  by a 
s i n g l e  atom. The r a t e  of fo rma t ion  of condensa t ion  n u c l e i  is  
t h e  r a t e  of t h a t  p a r t i c u l a r  r e a c t i o n  which i n c r e a s e s  t h e  c l u s t e r  
s i ze  from t h e  c r i t i c a l  s i z e  a s s o c i a t e d  w i t h  t h e  f r e e  energy  - 

m a x i m u m  t o  t h e  nex t  l a r g e r  s i ze  by t h e  a d d i t i o n  of a s i n g l e  atom. 
- 
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F u r t h e r  growth proceeds spon taneous ly  w i t h  c o n t i n u i n g  r e d u c t i o n  
of f ree  energy .  The r a t e  of t h i s  c r i t i c a l  r e a c t i o n , t h a t  is  the  

-.. n u c l e a t i o n  r a t e ,  J ,  is g iven  b y  

where W is t h e  r a t e  of a d d i t i o n  of s i n g l e  atoms t o  a c r i t i c a l  

c l u s t e r  and ni* is t h e  c r i t i c a l  c l u s t e r  c o n c e n t r a t i o n .  
ni* g i v e n  by e q u a t i o n  (7) wherein AGi is s e t  e q u a l  t o  AGi*, t h e  

f ree  ene rgy  of fo rma t ion  o f  t h e  c r i t i c a l  c l u s t e r ,  w e  have 

With 

The c r i t i c a l  s ized c l u s t e r s  may form by a t  l e a s t  t h r e e  
r e a c t i o n  p a t h s  i n  t h e  s t e l l a r  atmosphere:  (1)  by the  growth of 

a p a r t i c l e  of t h e  pure  condensing s p e c i e s  th rough  a s e r i e s  of 
b i m o l e c u l a r r e a c t i o n s ;  (2) by t h e  f o r m a t i o n  o f  a p a r t i c l e  of t h e  

condens ing  s p e c i e s  around a p r e - e x i s t i n g  i o n  i n  t h e  vapor ;  or, 
(3) by t h e  fo rma t ion  of  a p a r t i c l e  around some p r e - e x i s t i n g  
m o l e c u l a r  a g g r e g a t e  of a d i f f e r e n t  chemical s p e c i e s .  Le t  u s  
now c o n s i d e r  e a c h  of  t h e s e  a l t e r n a t i v e s .  

I n  t h e  f irst  case,  f o r  homogeneous n u c l e a t i o n ,  AGi* is 
g i v e n  by  

where cs is t h e  s u r f a c e  energy  of  t h e  p a r t i c l e  and AG,, is t h e  

volume f ree  ene rgy  change accompanying condensa t ion .  (Turnbu l l ,  
1956) AGv is g i v e n  by 

. -  

- 
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where 0 is t h e  volume p e r  molecule ,  p is  t h e  ambient f r e e  carbon 
p r e s s u r e ,  Ps,t is t h e  vapor  p r e s s u r e  o f  b u l k  carbon a t  t h e  ambient 

are g i v e n  b y  
t empera tu re  T. The p re -exponen t i a l  t e r m s  i n  (9) f o r  t h i s  c a s e , w n l  ..,. 

where a is  the  s t i c k i n g  c o e f f i c i e n t  f o r  va,por impinging on t h e  
c l u s t e r ,  4Tr*2 is t h e  s u r f a c e  a r e a  of t h e  c r i t i c a l  s i z e d  c l u s t e r  
p/(2nmkT) 1'2 is t h e  impingement r a t e  of s i n g l e  carbon atoms on  
u n i t  a r e a  of c l u s t e r ,  and Z is a non-equi l ibr ium f a c t o r  t h a t  t a k e s  
i n t o  account  t h e  d e p l e t i o n  of c r i t i c a l  c l u s t e r s  by fo rma t ion  of 
s t a b l e  n u c l e i .  A t  moderate s u p e r s a t u r a t i o n s  r may be approximated 

by 

* 

- k G  - 
Gw 

2 -1 8 -3 @ u r n b u l l ,  1956). With W - 1 0  sec , n1 -10 atom c m  , CJ - 1000 

e r g  c m  and u s i n g  (11) and (13) t h e  p re -exponen t i a l  f a c t o r  is 
-10 . Consequently t o  ach ieve  t h e  d e s i r e d  n u c l e a t i o n  r a t e ,  w e  
r e q u i r e  t h a t  

-2 

10 

t h a t  is 

T h i s  r e s u l t  may be expres sed  a l t e r n a t i v e l y  i n  te rms  of t h e  
s u p e r s a t u r a t i o n  r a t i o  by u s i n g  e q u a t i o n s  (10) and (11) w i t h  0 - 1000 e r g  n cm3 and T - 1 5 0 0 K .  T h i s  y i e l d s  
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* -  

a s  t h e  s u p e r s a t u r a , t i o n  r e q u i r e d  t o  produce the  des i r ed  n u c l e a t i o n  
r a t e  by the  pure p a r t i c l e  mechanism. 

A l t e r n a t i v e l y ,  w e  may c o n s i d e r  t h e  p rocess  of forming a 
g r a p h i t e  nuc leus  around a p r e - e x i s t i n g  i o n  i n  the vapor .  For 
t h i s  case, t h e  free energy  of format ion  of t h e  c r i t i c a l - s i z e d  
c l u s t e r  is g iven  by 

where rl  is the  r a d i u s  of the  e q u i l i b r i u m  s u b c r i t i c a l  c l u s t e r  
which forms spontaneous ly  around a f r e e  i o n  i n  t h e  vapor ,  and E 

is t h e  d i e l ec t r i c  c o n s t a n t  of t h e  p a r t i c l e  ( H i r t h  and Pound, 1963) .  
A t  moderate s u p e r s a t u r a t i o n s  r1 may be approximated by 

and r*, as  before, by (13). For t h i s  c a s e ,  t h e  p re -exponen t i a l  
f ac to r  i n  (9) is g iven  w i t h  t h e  same UJ a s  i n  the  p reced ing  c a s e ,  
p rovided  nl is r e p l a c e d  by nc, t he  number d e n s i t y  of i o n s  i n  t h e  

r e g i o n  of i n t e r e s t .  
i o n i z a t i o n  of meta l l i c  e lements  which c o u l d  y i e l d  lo4 - 10 

c m  . With w 2 10 
for t he  n u c l e a t i o n  r a t e  

6 We t a k e  nc -10 i o n s  ~ m - ~ ,  a r i s i n g  from 
7 

p e r  
3 2 sec-' a s  be fo re  w e  o b t a i n  a s  our c o n d i t i o n  

t h a t  is, 
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Again w e  may e x p r e s s  t h i s  r e s u l t  i n  t e r m s  of t h e  s u p e r s a t u r a t i o n  
r a t i o  by s o l v i n g  e q u a t i o n s  (111, (131, (17) and (18) w i t h  
6 = 1. T h i s  y i e l d s  .- 1 

as  t h e  r e q u i r e d  c o n d i t i o n  f o r  n u c l e a t i o n  on i o n s .  
For  t h e  t h i r d  c a s e ,  t h a t  of n u c l e a t i o n  of  g r a p h i t e  on a 

p r e - e x i s t i n g  molecular  s p e c i e s ,  no d e t a i l e d  t h e o r y  e x i s t s  from 
which q u a n t i t i v e  r e s u l t s  may be o b t a i n e d .  A s m a l l  molecule  may 
conce ivably  act  so a s  t o  reduce  t h e  volume f r e e  ene rgy  of a 
c l u s t e r ,  hence f a c i l i t a t i n g  n u c l e a t i o n .  I f  t h e  molecule  is 
s u f f i c i e n t l y  l a r g e ,  i t  may resemble a s u r f a c e  s i t e  f o r  he t e regenous  
n u c l e a t i o n  of g r a p h i t e .  I n  e i t h e r  case t h e  e f f e c t  would be t o  
f u r t h e r  r educe  t h e  s u p e r s a t u r a t i o n  r e q u i r e d  t o  o b t a i n  t h e  des i red  

n u c l e a t i o n  r a t e .  I n  t h e  s t e l l a r  a tmosphere,  i t  does no t  seem 
l i k e l y  t h a t  t h e  presence  of  molecules  would be s i g n i f i c a n t  f o r  
n u c l e a t i o n  compared t o  n u c l e a t i o n  on i o n s  o r  even homogeneous 
n u c l e a t i o n .  

The c o n d i t i o n s  f o r  o b t a i n i n g  t h e  desired n u c l e a t i o n  r a t e  
-3 c m  sec-’ through each  of t h e  r e a c t i o n  p a t h s  c o n s i d e r e d  

here may be summarized a s  f o l l o w s :  

Thus i t  appears  t h a t  b o t h  t h e  pure p a r t i c l e  and i o n  mechanism 
w i l l  o p e r a t e  a t  v e r y  low s u p e r s a t u r a t i o n s ,  w i t h  t h e  i o n  mechanism 
b e i n g  the  e a s i e s t .  I t  may f u r t h e r  be no ted  t h a , t  t h e  c r i t i c a l  
s u p e r s a t u r a t i o n  r a t i o  i n  t h e  i o n  case is no t  too s e n s i t i v e  t o  
the f r e e  ca,rbon c o n c e n t r a t i o n  assumed. Moreover, from (15) and 
(17) i t  may be shown t h a t  a change i n  t h e  r a t i o  of n u c l e a t i o n  



6 r a t e  t o  i o n  d e n s i t y  J /nc by a f a c t o r  -10 ca,uses  t h e  c r i t i c a l  
s u p e r s a t u r a t i o n  r a t i o  t o  change o n l y  by a f a c t o r  less  t h a n  2. 
Our r e s u l t  (21) is t h e r e f o r e  not s e n s i t i v e  t o  t h e  assumed v a l u e s  

o f  J and nc. 

may be o b t a i n e d  when Teff 4?100K, i n  t h e  s t e l l a r  photosphere .  
An even  h i g h e r  s u p e r s a t u r a t i o n  may a r i s e  i n  t h e  "boundary" of  t h e  
s t e l l a r  atmosphere where t h e  o p t i c a l  d e p t h  T = 0. The boundary 
t e m p e r a t u r e  i n  r a d i a t i v e  e q u i l i b r i u m  c o r r e s p o n d i n g  t o  an e g f e c t i v e  
t e m p e r a t u r e  - 2100K is Teff/21'4 M 1 7 0 0 K .  

i n  t h i s  r e g i o n  would have decreased  from its p h o t o s p h e r i c  v a l u e  
by a few powers of 10, b u t  t h e  f r e e  ca rbon  p r e s s u r e  would have 
d e c r e a s e d  o n l y  by a f a c t o r  o f  o r d e r  u n i t y .  From Fig .  3 i t  is 

3 s e e n  t h a , t  a s u p e r s a t u r a t i o n  r a t i o  p/p 
may a r i s e  i n  s u c h  a r e g i o n  where t h e  t empera tu re  is  -1700K. 
Condensa t ion  of  ca rbon  g r a i n s  is t h u s  l i k e l y  t o  b e g i n  i n  a r e g i o n  
somewhat above t h e  photosphere  and s p r e a d  inwards  as  t h e  t empera tu re  
f a l l s  d u r i n g  t h e  p u l s a t i o n  c y c l e .  

From F i g u r e  3 it is s e e n  t h a t  a supe r sa , tu ra t ionp /psa t  = 10 - 

The t o t a l  gas  p r e s s u r e  

i n  t h e  r ange  lo2  - 10 s a t  

V. CRYSTAL GROWTH 
Provided  t h e  nuc lea , t i on  r equ i r emen t s  a r e  s a t i s f i e d  s o l i d  

p a r t i c l e s  w i l l  b e g i n  t o  grow o u t  of t h e  carbon vapor .  If 

c o n d e n s a t i o n  o c c u r s  a t  h i g h  s u p e r s a t u r a t i o n  an a p p r e c i a b l e  
p r o p o r t i o n  of p o l y c r y s t a l l i n e  s o o t - l i k e  p a r t i c l e s  may be expec ted  
form. A t  low s u p e r s a t u r a t i o n s ,  on t h e  o t h e r  hand,  p l a t e l e t  o r  
whisker  growth w i l l  be  f avored  (Donn and S e a r s ,  1963).  Fo r  t h e  

c a s e  of  condensa t ion  i n  N s t a r s ,  a t  i n t e r m e d i a t e  p/pSat r a t i o s  , 
b o t h  p o l y c r y s t a l l i n e  p a r t i c l e s  a s  w e l l  a s  p l a t e l e t s  and wh i ske r s  
a r e  t o  be  expec ted .  

We f i r s t  c o n s i d e r  t h e  growth of a s p h e r i c a l  p o l y c r y s t a l l i n e  
t h e  r a t e  o f  growth of ' 'sat g r a i n s .  I n  carbon s t a r s  where p 

C 

- s u c h  a p a r t i c l e  of  r a d i u s  r is  given by 

. .  (23) 
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where a. is t h e  s t i c k i n g  c o e f f i c i e n t ,  pC is t h e  vapor  p r e s s u r e  of 

f r e e  carbon,  m is t h e  mass of a C atom, T is  t h e  t empera tu re  and 
s is t h e  d e n s i t y  of g ra ,ph i t e .  With a 'I( 0 . 5  (Thorn and Winslow, 1957) ,  . 
s 2.2 gm c m  , T 2.10'K we have -3 

-6 Thus f o r  a p a r t i c l e  t o  be a b l e  t o  grow t o  a s i z e  r 'Y 3.10 c m ,  
7 o r  l a r g e r ,  i n  a t ime- sca l e  -10 s e c  we have t h e  f o l l o w i n g  

c o n d i t i o n  on  t h e  f r e e  carbon p r e s s u r e :  

I t  is s e e n  from Fig .  3 (Table  2)  t h a t  t h i s  c o n d i t i o n  is s a t i s f i e d  
a t  t empera tures  exceeding  1600K. I f  c o n d i t i o n  (25) is s a t i s f i e d  
a s  a s tr ict  i n e q u a l i t y  t h e  r e s u l t i n g  p a r t i c l e  s i z e  w i l l  exceed 
3.10-6 c m  provided t h e r e  is an un l imi t ed  supp ly  of f r e e  carbon.  
The s ize  t o  which p a r t i c l e s  may grow is, however, l i k e l y  t o  be 
modulated by t h e  number of a v a i l a b l e  condensa t ion  n u c l e i  ( i n  
t h i s  c a s e  ions )  and t h e  l i m i t e d  supply  of carbon atoms. Before 
condensa t ion  b e g i n s  t h e  t o t a l  pho tosphe r i c  carbon d e n s i t y  is  
1 0 l 2  and t h e  i o n  d e n s i t y  is 10 - 10 c m  (from i o n i z a t i o n  
of Na, Ca).  I f  a l l  t h e  carbon is  a b l e  t o  condense t h i s  s e t s  
an uppe r  l i m i t  t o  t h e  number of carbon atoms pe r  g r a i n  i n  t h e  
r e g i o n  10 - 10 , r e s u l t i n g  i n  a g r a i n  r a d i u s  -5.10 c m .  Larger  
g r a i n s ,  even i f  t hey  a , re  a b l e  t o  form, would no t  be e f f e c t i v e l y  
pushed o u t  by t h e  r a d i a t i o n  p r e s s u r e .  The c r i t i c a l  r a d i u s  f o r  
escape  is a l s o  - c m  (Hoyle and Wickramasinghe, 1962).  

3 4 -3 

8 9 -6 

Next cons ide r  t h e  mechanism of p l a t e l e t  or whisker  growth. 
Such p a r t i c l e s  a r e  composed most ly  of smooth, low index  c r y s t a l  
p l a n e s ,  except  where t h i s  symmetry is d i s t u r b e d  by  d i s l o c a t i o n s .  
These d i s l o c a t i o n s  emerge t o  form growth s t e p s  i n  one o r  two 
c r y s t a l l o g r a p h i c  d i r e c t i o n s .  Molecules i n c i d e n t  on t h e  n e a r l y  
p e r f e c t  f a c e s  d i f f u s e  over  t h e  s u r f a c e  u n t i l  t hey  e i t h e r  



r e - e v a p o r a t e  o r  become tra,pped a , t  t h e  s t e p  a s s o c i a t e d  w i t h  a 
d i s l o c a t i o n .  Molecular t r a p p i n g  causes  t h e  s t e p s  a s s o c i a t e d  w i t h  
screw d i s l o c a t i o n s  t o  r o t a t e  around t h e  d i s l o c a t i o n  a x i s  and 
t h e r e f o r e  p e r p e t u a t e  themselves .  A t  low s u p e r s a t u r a t i o n s ,  two 
d imens iona l  n u c l e a t i o n  on t h e  s u r f a c e  cannot  occur  and c o n t i n u a l  
growth o n l y  occur s  v i a  t h e  d i s l o c a t i o n  mechanism and on ly  a long  
t h e  d i r e c t i o n  normal t o  t h e  d i s l o c a t e d  s u r f a c e .  Growth atlong a 
s i n g l e  such  a x i s  l e a d s  t o  t h e  format ion  of whiskers .  A two 
d imens iona l  a r r a y  of d i s l o c a t i o n s  produces p l a t e l e t s .  

1 -  

- 

The growth r a t e  of t h e s e  c r y s t a l s  depends on t h e  a r e a  over  
which m o l e c u l e s  a r e  c o l l e c t e d  a,nd d i f f u s e  t o  t h e  growing t i p  o r  
edge. T h i s  is i n  t u r n  r e l a t e d  t o  t h e  c r y s t a l l i t e  r a d i u s  and t h e  
mean d i f f u s i o n  pa th  on t h e  s u r f a c e .  The mean d i f f u s i o n  pa th  

A ,  or t h e  mean d i s t a n c e  which a,n i n c i d e n t  a t o m  d i f f u s e s  b e f o r e  
r e - e v a p o r a t i n g ,  is g iven  by 

where a is t h e  l a t t i c e  s p a c i n g  and jump d i s t a n c e ,  W '  is t h e  
a d s o r p t i o n  energy and U is t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n  
de termined  by t h e  p o t e n t i a l  b a r r i e r  which m u s t  be overcome i n  
jumping from one s i t e  t o  t h e  next. 

The format ion  of g r a p h i t e  whiskers  by decomposi t ion of 
hydrocarbons on carbon f i l a , m e n t s  a t  2000K (Meyer, 1957) i n d i c a t e s  
d i f f u s i o n  t o  t h e  whisker  t i p  from an a p p r e c i a b l e  a r e a .  T h i s  
i m p l i e s  an a d s o r p t i o n  energy W '  comparable t o  t h e  chemisorp t ion  
energy -2 ev. C a l c u l a t i o n s  of t he  a c t i v a t i m e n e r g y  U f o r  i n e r t  
gases  r e s u l t e d  i n  n e a r l y  z e r o  va lues  (Young and Crowel l ,  1961) 
so t h a t  W'-U = 2 ev i n  ou r  case .  With a ~3.10 c m  equa t ion  (26) 
g i v e s  7 x c m  a t  T = 2000K i n c r e a s i n g  t o  4 x cm a t  

. -  T = 1500K. Thus, i n  ou r  c a s e  where t h e  f i n a l  p a r t i c l e  s i z e  is 
-6 x 10-6cm, t h e  whole growth process  proceeds  under c o n d i t i o n s  
where r <A. 

-8 

- 

- 17 - 



The growth r a t e  of a p l a t e l e t  under t h e s e  c o n d i t i o n s  may 
now be  ca , l cu la t ed  us ing  t h e  equa , t ion  ( S e a r s ,  1951). 

where ro is t h e  i n i t i a l  p l a t e l e t  r a d i u s ,  J is t h e  impinging 
molecular  f l u x ,  h2 is t h e  atomic volume, -10123cm3, w is t h e  
p l a , t e l e t  t h i c k n e s s  (assumed c o n s t a n t  th roughout  growth) a,nd t 
is t h e  t ime.  The molecular  f l u x  J is r e l a t e d  t o  t h e  f r e e  carbon 
p r e s s u r e  pc by 

where T is t h e  tempera ture .  Assuming a p l a t e l e t  t h i c k n e s s  - - 

-7 w Z 5 x 10 c m  and an i n i t i a , l  r a d i u s  r-2 1 0 - 7 c m  i n  e q u a t i o n s  
-6 U 

(27) a,nd (28) w e  f i n d  t h a t  growth - rZ 3 x 10 c m  i n  a t i m e -  
s c a l e  of -10 

dyne cm-2. 
s a , t i s f i e d  provided T > 1440K i n  a r e g i o n  of t h e  s t e l l a r  
atmosphere.  

7 

From Table  I1 it  is s e e n  t h a t  t h i s  c o n d i t i o n  is 
sec r e q u i r e s  a f r e e  carbon p r e s s u r e  p 2 7 x lo-’ C 

V I .  THE POSSIBILITY OF GRAPHITE FORMATION I N  M STARS 
Although t h e  g e n e r a l l y  accep ted  v a l u e  of  C/O i n  t h e s e  s t a r s  

is about  0 .5  t h e r e  is some unce r t a , i n ty  i n  t h i s  q u a n t i t y  ( A l l e r ,  
19611, a,nd a v a l u e  close t o ,  b u t  less t h a n ,  u n i t y  has  r e c e n t l y  
been ob ta ined  by Sp in rad  and Vardya, (1966).  I t  cannot  a t  t h e  
p r e s e n t  moment be r u l e d  o u t  t h a t  t h e  t o t a l  carbon c o n c e n t r a t i o n  
i n  M stars exceeds  t h e  oxygen by a sma l l  margin,  t h e  excess b e i n g  
i n  t h e  form of f r e e  carbon a,nd hydrocarbons which a r e  p r e s e n t  
i n  s u c h  t r a c e  q u a n t i t i e s  a s  t o  remain undetec ted .  I n  t h e  p r e s e n t  
s e c t i o n  we s h a l l  i n v e s t i g a t e  t h e  o v e r a l l  r equ i r emen t s  f o r  a 
s m a l l  f r a c t i o n  of t h e  t o t a l  carbon t o  condense a,s g r a p h i t e  - .  
p a r t i c l e s .  I t  h a s d r e a d y  been p o i n t e d  o u t  t h a t  t h e  p re sence  
of g r a p h i t e  p a r t i c l e s  would e x p l a i n  s e v e r a l  observed  a tmospher ic  
phenomena. Wickramasinghe, e t  al. (1966) have shown t h a t  t h e  
condensa t ion  of 0.1 pe rcen t  of  t h e  t o t a l  carbon i n t o  g r a i n s  of 
r a d i u s  c m  cou ld  account  f o r  t h e  observed  mass loss  from t h e s e  

- 
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, s t a r s .  The r e c e n t l y  observed  i n t r i n s i c  p o l a r i z a t i o n  i n  Mira 
v a r i a b l e s  (Serkowski,  1966) a l s o  s t r o n g l y  s u g g e s t s  a mechanism 

. - i n v o l v i n g  g r a p h i t e  p l a t e l e t s  (Donn, e t  a l .  1966).  
The many parameters  e n t e r i n g  i n  molecu la r  e q u i l i b r i u m  

. - c a l c u l a t i o n s  used t o  i n f e r  t h e  C/O r a t i o  a r e  u n c e r t a i n ,  and 
e r rors  i n  t h e s e  parameters  may a p p r e c i a b l y  a f f e c t  t h e  p r e s s u r e s  
of t race  q u a n t i t i e s  s u c h  a s  C ,  C 2 
o f  w a t e r  vapor  l i n e s  i n  r e d  g i a n t s  r e c e n t l y  observed  by a b a l l o o n  
borne  t e l e s c o p e  (Danie lson  e t  a l . ,  1965) s u g g e s t s  t h a t  more 
oxygen is  t i e d  up i n  H20 t h a n  has been deduced on t h e  b a s i s  of  
e q u i l i b r i u m  c a l c u l a t i o n s .  T h i s  could  s i g n i f i c a n t l y  i n c r e a s e  t h e  
f r e e  ca rbon  p r e s s u r e  above t h a t  i n d i c a t e d  by T s u j i ' s  c a l c u l a t i o n s .  

and C3. The anomalous i n t e n s i t y  

From Fig.  2 i t  is s e e n  t h a t  t h e  c r i t i c a l  C/O r a t i o  f o r  
condensa t ion  a t  2000K is  -2; a t  1700 i t  is  -1.5; a t  1 6 0 0 K  i t  is 

-1.3, and  l O O O K  i t  is 1.05. A t  very l o w  t empera tu res  - 1 0 0 0 K ,  

even though t h e  ca rbon  vapor  is s a t u r a t e d  w i t h  a C/O r a t i o  v e r y  
close t o  u n i t y ,  t h e  f r e e  carbon p r e s s u r e  is too l o w  t o  produce 
s i g n i f i c a n t  growth i n  10 y e a r s .  

v e r y  l o w  s u p e r s a t u r a t i o n s ,  s o  t h a t  e q u a t i o n  (27) w i l l  be 

a p p r o p r i a t e  f o r  t h e  growth r a t e .  The c o n d i t i o n  t h a t  a n  i n i t i a l  
nuc leus  of r a d i u s  ro Z 10- c m  c a n  grow t o  a r a d i u s  r 3.10 c m  
d u r i n g  t h e  t i m e  scale  f o r  e scape  -10 y e a r s  is t h e r e f o r e  

P a r t i c l e  growth i n  M s t a r s  is l i k e l y  t o  t a k e  p l a c e  a t  

7 -6 

Cond i t ion  (29) is s a t i s f i e d  provided T 21600 (Table) ,  on  the  

assumpt ion  t h a t  P M Psat. 
is 1.2-1.3. 

The c r i t i c a l  C/O r a t i o  f o r  t h i s  c a s e  
C 

E f f e c t i v e  t empera tu res  below 2000K a re  found o n l y  i n  M 

g i a n t s  l a t e r  t h a n  s p e c t r a l  t y p e  M8. For  a g iven  e f f e c t i v e  
.- t empera tu re  T e f f ,  however, t he  boundary t empera tu re  i n  t h e  

atmosphere is somewhat lower. Assuming r a d i a t i v e  e q u i l i b r i u m  
ru 

. _  Tb - - T e f f / 2 l l 4 .  A boundary tempera ture  -2000, t h u s  co r re sponds  
t o  a n  e f f e c t i v e  t empera tu re  - 2400, a p p r o p r i a t e  t o  c lass  M6. 

I 
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T s u j i ' s  t a b l e s  show t h a t  t h e  ca rbon  p r e s s u r e  ( p r e s s u r e  of  
uncombined C) changes o n l y  by a f a , c t o r  -1 - 10 f o r  a change i n  
t h e  t o t a l  p re s su re  by -lo5, under c o n d i t i o n s  s u c h  t h a t  t h e  
carbon p res su re  can  r e a c h  s a t u r a t i o n  v a l u e .  Hence a t  a d i s t a n c e  
beyond t h e  photospher ic  boundary where t h e  p r e s s u r e  has f a l l e n  - 

o f f  by s e v e r a l  o r d e r s  of magnitude and t h e  t empera tu re  r e a c h e s  
t h e  c r i t i c a l  v a l u e ,  t h e  f r e e  carbon w i l l  be s a t u r a t e d .  Unless 
t h e r e  is a chromospheric t empera tu re  r ise  w e  may e x p e c t  e i t h e r  
w i t h i n  t h e  photosphere i n  v e r y  l a t e  t y p e  M g i a n t s ,  o r  somwehat 
beyond it i n  e a r l i e r  t y p e  s t a r s ,  t o  f i n d  a r e g i o n  where t h e  
carbon vapor becomessa tura ted  and g r a p h i t e  condensa t ion  t a k e s  
p l ace .  The envelope mechanism r e c e i v e s  some s u p p o r t  from Wyl le r ' s  
(1966) work on  carbon s t a r s  where he f i n d s  C2 v i b r a t i o n a l  temper- 
a t u r e s  less t h a n  t h e  e f f e c t i v e  t empera tu re  and s u g g e s t s  t h a t  
one may be obse rv ing  C2 i n  a r e g i o n  beyond t h e  pho tosphe r i c  
boundary. 

W e  have a l r e a d y  p o i n t e d  o u t  i n  S e c t i o n  V t h a t  g r a p h i t e  

^ .  

g r a i n s  would t e n d  t o  condense as  p l a t e l e t s  a t  l o w  s u p e r s a t u r a t i o n s ,  
and a s  p o l y c r y s t a l l i n e  s o o t - l i k e  p a r t i c l e s  a t  r e l a t i v e l y  h i g h  
s u p e r s a t u r a t i o n s .  On t h i s  bas i s  p l a t e l e t  fo rma t ion  may be expec ted  
a t  t h e  l o w  s u p e r s a t u r a t i o n s  l i k e l y  t o  be r e a , l i z e d  f o r  t h e  M.stars. 
I t  is of i n t e r e s t  t o  n o t e  h e r e  t h a t  t h e  i n t r i n s i c  p o l a r i z a t i o n  

1 r e c e n t l y  observed f o r  M s t a r s  (Serkowski,  1966) f o l l o w s  a 1- 
dependence a p p r o p r i a t e  f o r  g r a p h i t e  p l a t e l e t s  (Donn, S t e c h e r ,  
Wickramasinghe and Willia,ms, 1966).  For one N s t a r ,  however, 
f o r  which i n t r i n s i c  p o l a r i z a t i o n  measurements are a v a i l a b l e  , t h e  
p o l a r i z a t i o n  is q u i t e  f l a t  o v e r  t h e  v i s i b l e  spectrum. T h i s  is i n  
agreement wi th  t h e  h y p o t h e s i s  t h a t  i n  t h e  h i g h l y  s u p e r s a t u r a t e d  
atmospheres of  t h e  carbon s t a r s  t h e  smal le r  p a , r t i c l e s  would be 
n e a r l y  s p h e r i c a l  non-po la r i z ing  p o l y c r y s t a l l i n e  p a r t i c l e s ,  and 
a s m a l l  p ropor t ion  of l a r g e  p l a t e l e t s  p r e s e n t  would g i v e  r i s e  t o  
t h e  f l a t  p o l a r i z a t i o n  cu rve  (Wickramasinghe, Donn, S t e c h e r  and 
Wil l iams , 1966). 
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V I I .  RATE OF PRODUCTION OF GRAPHITE GRAINS 

The m a s s  d e n s i t y  of g r a p h i t e  p l a t e l e t s  r e q u i r e d  t o  g i v e  
-27 3 

r i s e  t o  a v i s u a l  e x t i n c t i o n  of  1 mag/kpc is -10 gm c m  
The e s t i m a t e d  t u r n  ove r  t i m e  i n  t h e  s o l a r  neighborhood b e i n g  

9 
I -10 y e a r s  (Schwarszchi ld ,  1962) w e  r e q u i r e  t h i s  g r a i n  d e n s i t y  t o  

9 be b u i l t  up i n  a t i m e  s c a l e  -10 y e a r s .  
For t h e  assumed H ; C : N : O  composi t ion of an N s t a r  T s u j i  

e s t i m a t e s  t h e  m a s s  f r a c t i o n  of t he  t o t a l  carbon t h a t  may be 
condensed a t  a g iven  tempera ture  (<T ) f o r  a v a r i e t y  of  v a l u e s  
of  t h e  t o t a l  gas  p r e s s u r e  (Figure 5). The procedure adopted is 
a s  f o l l o w s :  
b u l k  g r a p h i t e  has  condensed t o  s u c h  an  e x t e n t  t h a t  t h e  f r e e  carbon 
p a r t i a l  p r e s s u r e  p e q u a l s  t h e  vapor p r e s s u r e  psat. S e t t i n g  p = 

t h e  e q u i l i b r i u m  abundances of a l l  t h e  molecu la r  s p e c i e s  'sat 
c o n t a i n i n g  C a r e  computed, s o  t h a t  t h e  t o t a l  d e n s i t y  of  gaseous 
carbon atoms i n  t h e  form of monatomic and polyatomic gas  and 
i n  o t h e r  molecules  is known. S u b t r a c t i n g  t h i s  from t h e  t o t a l  
carbon d e n s i t y  of  t h e  i n i t i a l  composi t ion t h e  amount t h a t  has  
condensed is determined.  

s a , t  

For  a g iven  v a l u e  of T < Tsat i t  is assumed t h a t  

C C 

With a t o t a l  g a s  p r e s s u r e  -1 dyne/cm2 or  less  w e  may expec t  
-60% of t h e  t o t a l  carbon i n  t h e  atmosphere t o  be condensed when 
t h e  t empera tu re  f a l l s  t o  -2000K. The est imate  o b t a i n e d  by Hoyle 
and Wickramasinghe f o r  t h e  r a t e  of g r a i n  p roduc t ion  assuming 
e s s e n t i a l l y  a l l  t h e  C condensing i n t o  g r a i n s  w a s  o f  t h e  o r d e r  
of -5.10 gm p e r  y e a r  p e r  s t a r .  The r a t e  o b t a i n e d  h e r e  would 
be about  h a l f  t h a t  va lue .  D i s t r i b u t e d  throughout  t h e  volume 
of t h e  i n t e r s t e l l a r  medium cm3 t h e  r a t e  is -5.10- gm 
cm-3 p e r  y e a r  p e r  s t a r  and o v e r  -10 y e a r s  t h e  p roduc t ion  is  
5. 
luminos i ty  f u n c t i o n  t h e  number of N stars r e q u i r e d  t o  produce 
a g r a i n  d e n s i t y  of 10 
less  t h a n  t h e  t o t a l  number of N s t a r s  a c c o r d i n g  t o  t h e  b e s t  

26 

40 

9 

g m  cm-3 p e r  s t a r .  On t h e  assumption of a c o n s t a n t  

gm cm-3 is-2 x 10: T h i s  is c o n s i d e r a b l y  -27 

e s t i m a t e s .  The t o t a l  number of N s t a r s  i n c l u d e d  i n  t h e  s u r v e y s  - 

- 2 1 -  



by Nassau and Blanco (1954) and by B l a n c o  and Munch (1954) 

c o v e r i n g  a 4 b e l t  around t h e  Lund G a l a c t i c  e q u a t o r  (1955) add 
up t o  -10 . I t  would t h u s  s u f f i c e  if a f e w  p e r c e n t  o f  t h e  N 

s t a r s  are e f f i c i e n t  i n  g r a i n  format ion .  

0 

. .  5 

For  an  M s t a r  w i t h  an  e f f e c t i v e  C/O r 1.5 t h e  mass f r a c t i o n  - 
of  t h e  t o t a l  carbon which condenses a s  g r a p h i t e  a t  a p a r t i c u l a r  
tempera ture  below Tsa 
Condensation w i l l  t a k e  p l a c e  under c o n d i t i o n s  where t h e  p a r t i a l  
p r e s s u r e  of  f r e e  carbon gas exceeds t h e  vapor  p r e s s u r e  of b u l k  
g r a p h i t e  by o n l y  a s m a l l  margin,  s a y  a f a c t o r  o f  o r d e r  u n i t y .  
The mass f r a c t i o n  condensed a t  a g iven  t empera tu re  may t h e n  be  

w i l l  be expec ted  t o  be v e r y  s m a l l .  

approximated a s  
p' -hay 

Jv\ x - 
pcc) 

where p is  the  f r e e  carbon p r e s s u r e  i n  t h e  absence of condensa t ion  

P s a t  
carbon p res su re  if a l l  t h e  carbon wer'e uncombined. I f  w e  w r i t e  

C 
i s  t h e  vapor  p r e s s u r e  of  bu lk  g r a p h i t e  and P(C) is t h e  t o t a l  

where y is  a f a c t o r  of  o r d e r  u n i t y ,  w e  have from (3G), 

8 

dyne/cm . The t o t a l  carbon p r e s s u r e  P(C) = 5.10 p Although 
t h e  photospher ic  v a l u e  of p is -10 dylie cm a mu& lower v a l u e  
of  pg is a p p r o p r i a t e  i n  t h e  r e g i o n  where t h e  tempera ture  f a l l s  
t o  1 7 0 0 O K .  If pg is i n  t h e  range 10-1 t o  dyne c m  , M is 
i n  t h e  range 0 .1  pe rcen t  t o  1 p e r c e n t  by e q u a t i o n  (31) .  

The observed m a s s  10s.j r a t e  from an  M s t a r  is pe r  

With C/O = 1.5, Tsat x 1 7 0 0 ° K  from Fig.  2 s o  t h a t  psat = 5.10- 
2 -4 

2 -3 g 

g 

-3 

year .  The r a t e  of supp ly  of g r a p h i t e  g r a i n s  assuming 0.1 pe rcen t  - .  
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13 of t h e  carbon condensed is t h e r e f o r e  -5 x 10- 

s t a r  =lo gm y r  p e r  s t a r .  D i s t r i b u t e d  throughout  t h e  
ga l axy  t h i s  g ives  a r a t e  of  i n c r e a s e  i n  mass d e n s i t y  of g r a i n s  
N 10-45 g m  c m  p e r  y e a r  pe r  s t a r .  To produce a d e n s i t y  - 10- gm 
c m  
any g iven  t i m e .  T h i s  is  cons ide rab ly  g r e a t e r  t h a n  t h e  a v a i l a b l e  

6 number which is probably - 10 . The M g i a n t  s t a r s  t h e r e f o r e  
do n o t  c o n t r i b u t e  t o  more t h a n  about 0.1 pe rcen t  o f  t h e  r e q u i r e d  
i n t e r s  t e 1 l a  r g ra  i n  d e n s i t y  . 

Ma year-' p e r  
2 1  -1 

- -3 27 
-3 9 i n  lo9 y e a r s  one t h e r e f o r e  r e q u i r e s  - 10 M g i a n t  s t a r s  a t  . -  

V I I I .  COMPLEX MOLECULES 
The t h e o r e t i c a l  c a l c u l a t i o n s  of  Duff and Bauer and o f  T s u j i  

show t h a t  a c o n s i d e r a b l e  number of complex molecules  form i n  
atmospheres  of  carbon stars. E j e c t i o n  of  g r a p h i t e  g r a i n s  by 
r a d i a t i o n  p r e s s u r e  would c a r r y  along a s u b s t a n t i a l  f r a c t i o n  of  
t h e  atmosphere i n c l u d i n g  t h e s e  molecules  (Wickra,masinghe e t  a l .  
1966).  T s u j i  has  a l r e a d y  poin ted  o u t  t h a t  carbon s t a r s  a r e  a 
p o t e n t i a l  s o u r c e  of complex molecules  i n  i n t e r s t e l l a r  space .  
T h e i r  subsequent  h i s t o r y ,  i n c l u d i n g  t h e i r  role a s  a p o s s i b l e  
s o u r c e  o f  g r a p h i t e  n u c l e i  i n  space (Donn, 1965) and t h e i r  
r e l a t i o n  t o  F. Johnson ' s  (1965) mechanism f o r  producing t h e  
d i f f u s e  i n t e r s t e l l a r  bands,  r e q u i r e  f u r t h e r  s t u d y .  

Graph i t e  g r a i n s  formed nea r  t h e  photosphere would have t o  
t r a v e r s e  a c o n s i d e r a b l e  t h i c k n e s s  of  an  atmosphere c o n t a i n i n g  
t h e s e  complex molecules  b e f o r e  e scap ing  t o  i n t e r s t e l l a r  space .  
A t  d i s t a n c e s  from t h e  s t a r  where the tempera ture  of  t h e  expanding 
envelope has  become l o w  enough hydrocarbon molecules  may be 

absorbed on g r a i n  s u r f a c e s ,  T h i s  would a f f e c t  t h e  chemical  
p r o p e r t i e s  of  b o t h  g r a i n s  and molecules .  Two impor tan t  p rocesses  
invo lved  i n  t h i s  a r e  molecular  format ion  on t h e  g r a i n  s u r f a c e  
and t h e  b u i l d i n g  of a molecular  mantle.  These molecular  phenomena 

- w i l l  be cons ide red  i n  a l a t e r  paper .  



I X .  CONCLUDING REMARKS 
We have s e e n  i n  t h e  p reced ing  s e c t i o n s  t h a t  g r a p h i t e  

p a r t i c l e s  could n u c l e a t e  and grow under  t h e  c o n d i t i o n s  assumed - 
f o r  N stars. Although t h e  d i s c u s s i o n  f o r  N s t a r s  was based on 
e q u i l i b r i u m  c a l c u l a t i o n s  f o r  t h e  c a s e  C/O = 5, o u r  c o n c l u s i o n s  a r e  C .  

n o t  expec ted  to  be s i g n i f i c a , n t l y  d i f f e r e n t  i f  a lower v a l u e  of  
C/O was a p p r o p r i a t e .  I t  is s e e n  from Fig .  1 t h a t  t h e  f r e e  ca rbon  
p r e s s u r e  v a r i e s  by an o r d e r  of  magnitude i n  t h e  C/O 

range  1.8-5. The atmosphere throughout  t h i s  r ange  is h i g h l y  
s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  ca rbon  i n  t h e  t empera tu re  i n t e r v a l  
between 1600 and 2000K. T h e r e f o r e  t h e  r e s u l t s  quo ted  i n  t h e  
p reced ing  secLions  a r e  not  v e r y  s e n s i t i v e  t o  t h e  p r e c i s e  v a l u e  
of c/o. 

Othe r  parameters  impor t an t  f o r  d e t e r m i n i n g  condensa t ion  
c r i t e r i a  a r e  T and nH. 

and nH i n i t i a l l y  de te rmined  by t h e  H- o p a c i t y .  T e f f  9 

t h a t  when p a r t i c l e  growth is completed t h e  p h o t o s p h e r i c  nH 
f a l l s  by a f a c t o r  lo4 due t o  t h e  o p a c i t y  of  s o l i d  g r a p h i t e .  
a d i s c u s s i o n  of  t h e  g r a p h i t e  condensa t ion  p r o c e s s  h i g h e r  up i n  
t h e  atmosphere a t  o p t i c a l  d e p t h  T < 1 w e  would r e q u i r e  a model 
of  t h e  s t e l l a r  atmosphere.  R e l i a b l e  model a tmosphere c a l c u l a t i o n s  
f o r  l a t e  type  s t a r s  a r e  n o t  a t  p r e s e n t  a v a i l a b l e ;  s u c h  models 
t a k i n g  i n t o  account  t h e  o p a c i t y  due t o  complex molecules  a,nd 
s o l i d  p a r t i c l e s  a r e  now u r g e n t l y  needed. The s t r u c t u r e  of  t h e  
atmosphere b e f o r e  condensa t ion  b e g i n s  w i l l  de t e rmine  r a t e  and 
amount of p r e c i p i t a t i o n .  The o p a c i t y  a r i s i n g  from t h e  p r e c i p i t a t e d  
g r a i n s  would t h e n  i n  t u r n  modify t h e  a tmosphe r i c  parameters .  

For  t h e  N s t a r s  w e  adop ted  t h e  p h o t o s p h e r i c  
W e  saw 

For  

For  M stars w i t h  Teff  -3000K T s u j i  (19661, t a k i n g  i n t o  account  
t h e  o p a c i t y  due t o  H20 and CO, h a s  c a l c u l a t e d  a boundary t empera tu re  - 1300K. Such a l o w  boundary t empera tu re  would c e r t a i n l y  f a v o r  
t h e  g r a p h i t e  condensa t ion  p r o c e s s  i n  M s t a r s  w i t h  an e f f e c t i v e  
C/O r a t i o  only  s l i g h t l y  i n  excess of u n i t y .  A s i m i l a r  e f f e c t ,  
of  l o w  boundary t empera tu re ,  is a l so  l i k e l y  t o  app ly  f o r  t h e  ca rbon  c .  



. s t a r s ,  a g a i n ,  p e r m i t t i n g  g r a p h i t e  condensa t ion  f u r t h e r  o u t  i n  
t h e  s t e l l a r  atmosphere.  

. -  Another q u e s t i o n  t h a t  r e q u i r e s  f u r t h e r  d i s c u s s i o n  is t h e  
amount o f  i m p u r i t y  atoms t h a t  may be i n c o r p o r a t e d  i n  g r a p h i t e  

- g r a i n s .  If g r a i n s  are grown a t  h i g h  s u p e r s a , t u r a t i o n s  i n  carbon 
s t a r s ,  an  a p p r e c i a b l y  amount o f  s i l i c o n  may be  i n c l u d e d  i n  t h e  
p o l y c r y s t a l l i n e  g r a i n  s t r u c t u r e .  T s u j i ' s  (1964) f ree  s i l i c o n  
v a l u e s  i n d i c a t e  t h a t  t h e  s i l i c o n  p a r t i a l  p r e s s u r e  exceeds t h a t  
of ca rbon ,  a l though  t h e  atmosphere is not  s a t u r a t e d  w i t h  r e s p e c t  
t o  b u l k  s i l i c o n .  A t  l o w  s u p e r s a t u r a t i o n s ,  however, r e l a t i v e l y  
pure  g r a p h i t e  shou ld  t e n d  t o  form -- a c a s e  which may be r e l e v a n t  
for  t h e  M s t a r s .  R e f l e c t i o n  measurements on c o a l s  of  v a r i o u s  
compos i t ions  (McCartney and E r g u n ,  1957) i n d i c a t e  tha , t  c o n s i d e r a b l e  
q u a n t i t i e s  of i m p u r i t y  may be p r e s e n t  w i thou t  changing  t h e  o p t i c a l  
p r o p e r t i e s  too d r a s t i c a l l y  from t h a t  of g r a p h i t e .  



TABLE I1 

Partial pressure  of free carbon in an N star atmosphere with 
- I  

H:C:N:O = 1: 5.10-3: 10-~:10-~ 

4 .  -2 
T Free carbon pressure  (C + C2 + C3),dyne cm 

(de,. K) 4 
= 1 dyne cm'2) ( p, = 10 dyne cm-2) 

(p, 
-~ ~ 

1008 

1120 

1260 

1440 

1680 

1800 

1938 

2100 

2291 

2520 

2800 

3150 

3600 

- 16 
-13 

4.6 x 10 

1.3 x 10 

3.6 x 

9.4 

1.5 x 

8.6 x 

5.0 

3.8 10-4 

2.2 

3.6 

3.9 

4.0 

4.5 

1.7 x 

4.2 x 

2.7 x 10 

2.6 x 

8.8 x 

-11 

8.5 

8.5 

7.0 

3.3 x 10-1 

5.1 x 

2.5 

18 

37 
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FIGURE CAPTIONS 

* 3 Fig.  1 Free  carbon p r e s s u r e  a s  a f u n c t i o n  of t h e  C/O r a t i o  f o r  
v a r i o u s  v a l u e s  of T ,  when H : C : N  is kep t  c o n s t a n t  a t  t h e  

F ig .  2 Temperature a t  which f r e e  carbon becomes s a t u r a t e d  i n  a 

. -  v a l u e  1:5.10-4:10-4 and p r 10 4 dyne cmm2. 
g 

s t e l l a r  atmosphere w i t h  H : C : N  = 1:5.10-4:10-4, p =lo4 dyne 
o m  , a s  a f u n c t i o n  o f  t h e  C/O r a t i o .  

S o l i d  cu rves  1 and 2 r e p r e s e n t  t h e  f r e e  carbon p a > t i a l  
p r e s s u r e  i n  an  N s t a r  atmosphere w i t h  H : C : N : O  = 1:5.10-3: 
10-3:10-3 f o r  t o t a l  a s  p r e s s u r e s  1 and lo4  dyne cm-2 
r e s p e c t i v e l y .  Dashed curve r e p r e s e n t s  t h e  vapor  p r e s s u r e  
o f  b u l k  g r a p h i t e  as  a f u n c t i o n  of t h e  tempera ture .  

a t  a g iven  tempera ture  o n  t h e  b a s i s  of T s u j i ' s  (1964) 
e q u i l i b r i u m  c a l c u l a t i o n s .  

I -2 g 

F ig .  3 

Fig.  4 The mass f r a c t i o n  of t h e  t o t a l  carbon t h a t  may be condensed 



. C 

-2 

-4 

-E 

=e 

-IC 

-12 

-14 

-16 

'-0 

T 
2290 

1940 

1680 

I440 

2 3 
c/o 

Figure 1 

4 5 6 



c. 
0 
v) 

F 

2400 

2200 

2000 

180C 

160C 

140C 

I20( 

IOOC 

80C - L 1 I I 1 I 

I I 2 3 4 5 6 

c / o  
Figure 2 



, o  i 

-4 

-8 

-10 

- I  2 

-14 I I I I I I 
1600 2000 2400 2800 

T ( d e g  K) 

F i g u r e  3 



IOOI i-. 

2 :! I log Pg 

Figure 4 

A'  


